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ABSTRACT
HYDRAULIC BULGE TESTING TO DETERMINE THE FORMABILITY OF 38-MICRON
COMMERCIALLY PURE GRADE 2 TITANIUM FOIL
Greg Sassi, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Jenn-Terng Gau, Director

Commercially pure titanium foil is a material that has become very useful in fields
ranging from the automotive to the medical industry. With the miniaturization trend of
technology, the forming abilities of Ti have to be evaluated because it is well known that the
formability changes when moving from the macro to micro scale. This study analyzes the
equibiaxial portion of the Forming Limit Curve (FLC) of 38 µm thick commercially pure grade 2
titanium with the use of a custom hydraulic bulge apparatus and testing criteria. The hydraulic
bulge test creates pure biaxial tension by clamping a flat foil sample to obtain a fixed boundary
condition and then applying pressure on one side to promote material deformation. Strain is
measured by studying the deformation of a grid of 50 µm in diameter circles that are on top of
the thin foil. By testing two different bulge diameters of 2 mm and 5 mm, it is determined that
the bulge diameter does not have a great effect on the maximum strains experienced, but that the
smaller bulge diameter should be used in an effort to save material. Experimental strain data is
compared to LS-Dyna simulations to show that the simulations result in safe, but not necessarily
correct, material responses.
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Chapter 1
INTRODUCTION
1.1 Introduction to micro metal forming
Formed sheet metal components are found all over the place in today’s world. Just a few
applications include vehicle panels, x-ray viewing boxes, kiosks, fountain pen nibs, and medical
implants. Microforming of sheet metal has become important with the miniaturization of
technology and the increased demands of applications ranging from smart phones to critical
medical devices. Electrical connections, components in micro switches, housings for micro
technology, micro electro-mechanical systems (MEMS), and medical devices are all various
components produced by micro metal forming [1]. Figure 1 gives a general idea of a part that is
considered microformed. As a separator between macro and micro parts, a part can be considered
micro if it has at least two dimensions in the sub-millimeter range [2].
Various sheet metal forming methods include shearing, bending, deep drawing, hydroforming, and blanking. Combinations of different forming processes are used to produce
geometries that are useful. Microforming has the advantages of having less material waste, lower
manufacturing costs, and higher production rate than machining or other production methods.
For this reason, there is a good outlook at microforming for its future in industry. Even though
material may have ample data available, size effects take place when moving from the macro to
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the micro scale. This necessitates the need for analysis of material property differences when
moving to the micro scale [1].

Figure 1: A microformed cup for an electron gun [2]

Efforts at producing lighter parts have been important in the automotive industry because
of the need to meet efficiency standards. The aerospace industry needs high strength and low
weight component designs because the parts are subject to high acceleration on take off and
would not be able to get off the ground if too much weight were present. The first step towards
achieving a more weight-efficient design is considering different materials that exhibit preferred
properties. Titanium is one of the materials that has been used more widely in applications [3].
1.2 Applications of commercially pure titanium
Titanium has garnered the attention of manufacturers in various industries because of its
high strength to weight ratio, corrosion resistance, and biocompatibility. In the medical field,
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titanium and titanium alloys are some materials that have been developed for implant purposes.
Titanium alloys have been used as implants in the past, but they have a possible toxic effect
because of the release of vanadium and aluminum. Commercially pure titanium builds up an
inert oxide layer, so it is of greater biocompatibility than titanium alloys [4].
Figure 2 shows some of the titanium implants used in the medical field. Grade 2 is the
most commonly used commercially pure titanium in the dental field. It has a yield strength
similar to stainless steel. However, Grade 5 commercially pure titanium is the most popular in
the general medical field outside of dentistry [4].

Figure 2: Titanium dental implants [4]

Apart from medical applications, commercially pure titanium has been used in the
chemical industry with piping and heat exchangers, seawater desalination plants, motorcycle
mufflers, and general hardware for leisurely goods such as fountain pens [5]. The continued
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development of forming techniques for commercially pure titanium will allow for further
product development, such as for use in fuel cells.
What is not preferred about Titanium, though, is its difficulty to be worked with. Its
hexagonal closed packed (HCP) structure does not allow for much ductility. It is more easily
formed than other HCP metals such as zinc and magnesium, though. Increased temperature and
forming speed can be used to increase the formability of pure titanium and allow it to be used in
future applications [5].
1.3 Forming Limit Diagram
The Forming Limit Diagram (FLD) is a graphical representation of the limit strain of a
material based on a major axis and minor axis of strain. Keeler and Goodwin were original
developers of the diagram. A grid of circles is marked on top of the sheet, and the postdeformation ellipses are measured to calculate the major and minor strain at each location of
interest. The Forming Limit Curve (FLC) is the dividing line between the safe and failed points.
When necking has occurred, the measurement is considered failed. Before necking, the strain
measurement is considered safe. When designing a formed part, all of the strains should fall
below the FLC if material failure during forming is to be avoided [6].
Figure 3 depicts the various ways that the major and minor strain can be plotted against
each other. The line 0A represents equibiaxial strain, which, as the name suggests, means that the
major and minor strain both increase by the same amount at all times. The line 0B represents
plane strain, which is when the material deforms in the major axis but remains unchanged in the
minor axis. The line 0C represents a typical tensile test, where the major strain is positive and the
minor strain is negative [7].
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Various factors that affect the FLD for a material are material properties, strain
hardening, strain rate, temperature, the thickness of the sheet, the pre-treatment of the material,
anisotropy, coating, the strain path, and orientation with respect to the rolling direction [6]. Since
there are so many factors involved, each set of factors necessitates its own FLD.

Figure 3: Various Forming Limit Diagram strain paths [7]

Various methods exist to determine FLD points for a material. All that is needed to obtain
data points is a form of controllable strain application in the desired directions. A tensile test is
useful for determining a single path on the left hand side of the FLD. The test is performed until
necking is experienced, and then measurements of major and minor strain are performed.
Limited dome height (LDH) testing (as seen in Figure 4) uses a clamped specimen and a
hemispherical punch moving at constant speed in a controlled manner. Multiple specimen
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geometries are used to obtain different strain conditions and therefore complete most of the
diagram. When the specimen is clamped in all 360 degrees, near equibiaxial tension in the sheet
can be achieved [8]. Frictional effects between the hemispherical punch and specimen do not
typically allow for the material to neck at the tip of the punch, however. For this reason, the far
right hand side of the FLD is not found with LDH testing [7].

Figure 4: Limited Dome Height testing with a hemispherical punch [7]

Bulge Testing is a method used to obtain FLD points of equibiaxial strain. A circular
specimen is clamped rigidly all the way around by a circular fixture. Either direct application of
a fluid to the specimen or application to a soft elastic material which contacts the specimen can
be used to apply pressure [8]. Figure 5 depicts the pre- and post-deformation visual of a bulge
test. Bulge testing is typically useful for determining the stress-strain relationship in materials
that are not very ductile. The biaxial nature of the experiment allows for greater overall strain,
and therefore more data, than in a tensile test [7]. Methods to estimate material constants have
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been performed using only measurements of the material thickness and die geometry as inputs
into mathematical models [9].

Figure 5: Hydraulic bulge test pressure application (left) and the deformed specimen after the test
(right) [9]

1.4 Literature review
The formability of titanium has been studied quite extensively. Usuda studied various
forming characteristics of 0.5mm and 0.8mm thick pure titanium. He showed that titanium
exhibits considerable planar anisotropy that affects the material formability in different
directions. With LDH testing, the foil is shown to have a higher FLC in the transverse rolling
direction [5].
Fiorentino studied the formability of annealed CP Gr2 Ti of 1mm thickness at both room
temperature and 300oC using the LDH testing with a punch speed of 40 mm/s. He used blank
sizes up to 150mm, so it can be considered a macro scale test. The formability is increased with
the increase in forming temperature. In addition to this, anisotropy is not shown to produce a
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difference in the FLD if the sheet is annealed beforehand. Fiorentino also utilizes the resulting
FLD along with FEA software to aid in the design of a die for a formed gearbox cover. They
conclude that use of the FLD greatly decreases the time and cost associated with die design once
the material properties have been validated [10].
Zhang at Northern Illinois University studied the effect of strain rate on the formability of
CP Gr2 Ti foil. He found that an increase in forming speed increases the formability of the
material [11].
Chen used bulge testing with the help of a polyurethane pad to determine the FLD for
0.1mm thick stainless steel. The use of a rubber pad between the fluid and the sheet allowed for
the tests to not be affected by a post-failure pressure release. A comparison between LDH and
bulge testing showed to result in similar strain values. Just like in LDH testing, bulge testing
assisted with the rubber pad is able to use different blank geometries to achieve different strain
modes [12]. Since there is not a release of pressure upon material failure, the criteria outlined in
ASTM E2218-02 is able to be used for determining the safe and necking points on the FLD [8].
Janbakhsh performed aluminum sheet bulge testing without going to the point of
bursting. They did not explore the FLD, but they did have the problem of needing to not allow
their sheets to burst in order to save delicate instrumentation that recorded the height of the
bulge. Three burst pressure tests were conducted to determine the burst pressure. Then the
remaining tests were performed to 89% of the burst pressure. They used a sample size of seven
bulge tests to determine the stress-strain relationship of the particular aluminum foil. In that
study, they also did FE simulation to match experimental results [13].
Diehl investigated the hydraulic bulge test of aluminum sheets of various thicknesses
with the help of CCD cameras. He found that the forming limit is strongly dependent on the
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thickness of the sheet. Diehl also varied the die diameter used from 115mm down to 14.4mm
and found that there is no significant influence in forming limits when varying the die diameter
[14].
Digital Image Correlation (DIC) techniques have been used to determine the FLD for
aluminum alloy sheets in multiple studies [15, 16]. This technique eliminates the need of
accurate grids on the material and makes the process of measuring strains human error-free.
A couple of other factors involved in FLD determination were studied by Gau in the
forms of grain size to thickness ratio and strain rate effects on 304 stainless steel [17, 18] and
multi-step strain paths on 6061-T6 aluminum [19]. Size effects are determined to be significant
in sheets less than 100 µm in thickness [17]. The effect of grain size is less significant than the
effect of strain rate on the FLD, however [18]. Multi-step strain paths are found to cause
inconsistencies when compared to an existing FLD found from using single strain paths, which is
important to consider when designing for multi-step forming [19].
1.5 Goals of this study
This study aims to first determine a more complete FLD for commercially pure Grade 2
Titanium foil of 38 µm thickness at room temperature. A previous study by Zhang found much
of the curve [11], but the far right hand side is sought after in this study. In order to determine the
strain points, a custom bulge test method is proposed and implemented with the resources
available at NIU. This method is somewhat novel because the ASTM E2218-02 standard is not
available to be used with the tooling that is present. An effect of bulge diameter on FLD is
searched for by comparing the results from 2mm and 5mm bulge dies. Lastly, LS-Dyna
simulations are performed in an attempt to verify experimental results.

Chapter 2
EXPERIMENT METHODOLOGY AND INFORMATION
2.1 Commercially Pure Titanium Grade 2 Information
The material used in this study is commercially pure titanium grade 2 of 38 µm thickness.
Arnold Magnetics supplied this material for the NIU material lab. The roll of foil used in the
work is reported to have the properties that are shown in Table 1.

Table 1: Properties of CP Gr 2 Ti [20]
Mechanical Properties (Annealed)
UTS (MPa)

485

YS (MPa)

345

Chemical Composition (maximum wt %)
N

.03

Fe

.30

C

.08

O

.25

H

.015

Ti

99.325 (min)

Physical Properties
Density

4.48 g/cm3

Magnetic Permeability

Nonmagnetic

Beta Transus

915oC

Young’s Modulus

116 GPa

Melting Point

1668oC

Shear Modulus

44 GPa

Thermal Conductivity

21.79 W/(mK)

Poisson’s Ratio

0.32

Electrical Resistivity

0.53 µΩ*m
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2.2 Bulge test set-up
Performing a bulge test requires several different components for an ideal set-up. The
requirements of a bulge test apparatus depend on the intended usage. At minimum, a bulge test
apparatus includes a specimen clamping method, a method to apply pressure, a pressure sensor,
and a safety screen to block any flying fluid in the event of a burst. Additions such as a camera
and programmable pressure control would help enhance the capabilities of the set-up.
A bulge test apparatus assembly was designed at NIU to be able to constrain and apply
pressure to one side of the thin foil specimens. There are three main parts that make up the
assembly: the main body, adapter plate, and bulge die. All of the components are machined out
of 303 Stainless Steel. The main body is designed to accept a standard ½-14 NP fitting that is
used in the NIU materials lab, as seen in Figure 6. The cavity that holds pressurized media was
designed to be large enough to easily machine. The pressure cavity runs down to meet the
location of the pipe fitting in the main body. O-ring grooves are machined in both the main body
and the adapter plate.
An adapter plate, seen in Figure 7, is necessary to direct pressurized media flow. A
1.5mm diameter fluid outlet hole is used in the adapter plate so there is less material waste when
testing smaller bulge diameters. The adapter plate fits directly over the main body and is aligned
by screws. The adapter has three different o-ring grooves to allow for testing of specimen sizes
from 2 mm to 20 mm bulge diameter. The smaller diameter o-rings are necessary in order to
conserve material when performing smaller diameter bulge tests.
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Figure 6: A ¼” NP pipe fitting is used in the main body of the bulge test apparatus.

Figure 7: The adapter plate features three different o-ring grooves to allow for material
conservation.
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The bulge die is the component that the thin foil deforms against. Five different bulge
dies were machined: 2 mm, 5 mm, 10 mm, 15 mm, and 20 mm. These dimensions refer to the
intended inner diameter of the die opening. Each of the dies has a radius machined to the corner
that the foil contacts in order to decrease any unintentional stress concentration. A radius of
between 0.25 mm and 0.5 mm is typical for each of the dies. This radius is important for testing
results, as will be seen later. The 2mm and 5mm dies are shown in Figure 8.

Figure 8: The 2mm die (left) and 5mm die (right) are shown side by side.

The complete assembly, seen in Figure 9, is composed of the three components discussed
above, two o-rings, and eight 10-32 screws of ¾” length. The titanium thin foil is mounted
between the adapter and bulge die when testing takes place.
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Figure 9: The bulge test apparatus assembly in an exploded view.

In the early developments of this testing apparatus, nitrogen tanks located in the NIU
material science lab were utilized to perform bulge tests. Blast shields were placed around the
apparatus while testing was taking place. However, the nitrogen tank pressure method was not
able to reach the high pressures necessary to perform the smaller diameter bulge testing. In
addition to that, a burst test with nitrogen pressure results in quite a large explosion.
A hydraulic pressure application method is utilized instead. Hydraulic fluid is
incompressible and loses pressure with a relatively little amount of fluid displacement. The
hydraulic press chosen is able to provide pressure up to 5000 psi, which is more than the pressure
needed to burst the smallest diameter tested in this thesis. The bursting of the thin foil is much
less explosive with the use of hydraulic fluid when compared to nitrogen gas. The final hydraulic
bulge test assembly is shown in Figure 10.
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Figure 10: The complete hydraulic bulge test assembly is ready for testing.

The move from nitrogen to hydraulic fluid meant that there was a change in hardware.
The ¼” pipe fitting in the apparatus assembly was too large for the hydraulic line chosen, so a
hydraulic adapter is incorporated into the assembly as well.
The pressure gauge used is an SSI Technologies Inc MG1-5000-A-9V-R gauge that is
rated up to 5000 psi, reads with a precision of 0.1 psi, and has a 1% full-scale accuracy [21].
2.3 Specimen preparation
All of the material used in this experiment is taken from a single roll of commercially
pure grade 2 titanium foil. In order to place reliable grids onto the surface of the foil, blanks
measuring 2” x 2” must be cut out. The reason for this stems from the NIU lab cleaning fixture
requirements.
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A combination of paper shear and scissors were used to cut out the 2” x 2” blanks. In
addition to the size requirement, the blanks must be flat and free of burrs. There is a 500 A thick
layer of gold put onto the titanium’s surface. Any deformation or burr on the foil decreases the
gold’s ability to remain adhered to the surface of the foil. Therefore, the blanks are de-burred
after they are cut. Figure 11 shows a pre- and post-gridded sample of the titanium foil.

Figure 11: A 2” x 2” sample (left) next to a sample that has the gold grid applied (right).

The gold layer is etched to result in a consistent pattern of 50 micron in diameter circles.
The complete grid application process takes place in the NIU clean room by Gregg Westberg.
The reason to use gold on the titanium is because of the gold’s good ductility when compared to
titanium. This means that the gold layer should remain fairly intact while the titanium reaches its
maximum strain in the testing process.
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For bulge testing application, the 2” x 2” blanks must be reduced to an appropriate size
for specific bulge diameters. For a 2mm test, a blank size of 12 mm x 12 mm is selected so the oring is covered completely. The 5 mm test requires a 16 mm x 16 mm blank size. Figure 12
shows the blank sizes in comparison to the original 2” x 2” piece.

Figure 12: Relative blank sizes are shown for the 2mm tests (top) and 5mm tests (middle).

In order to conserve material for other testing done at NIU, the 10 mm, 15 mm, and 20
mm bulge diameters are not investigated in this study.
2.4 Test Procedure
Outlined here is the general procedure followed for performing a bulge test. The
apparatus has to be mechanically sound before beginning a test. Initially, the assembly surfaces
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and o-rings are inspected for any contaminants as the blank is placed into the apparatus. The
placement of the blank is shown in Figure 13.

Figure 13: A blank is placed over the center of the adapter plate.

The blank is centered over the o-ring, the die is placed on top of the blank, and then the
bolts are tightened down using an even pattern. Figure 14 shows the bolts prior to tightening. The
bolts are tightened several times because the compression of the o-rings affects the clamping
force. The clamping force is what allows friction to bound the edges of the specimen. Once the
apparatus is bolted securely, a covering is placed over the assembly to block any hydraulic fluid
spray if a burst is to occur. The cover is shown in Figure 15.
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Figure 14: The 2mm die is placed over the specimen and is evenly tightened down.

Figure 15: A cover is placed over the assembly to contain hydraulic fluid.
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The pressure gauge is then turned on and manual pumping begins to take place. Since
this assembly utilizes a manual hydraulic pump, careful strain rate is not achieved. However,
care is taken to perform teach test at a quasistatic rate. A typical test takes three minutes to reach
4000 psi. Even with care, pressure jumps of 50 psi are not uncommon with the manual pump. A
PVC pipe, seen in Figure 16, is used on the hydraulic pump handle to provide additional leverage
to have greater control.

Figure 16: A PVC pipe is fitted over the hydraulic pump handle to gain leverage.
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Once the desired pressure is achieved, pressure is rapidly relieved with the pressure
release feature on the hydraulic pump. The test pressure is not held constant for any period of
time in order to minimize any potential creep effects. Of course, in the event of a burst, the test
ends as soon as the specimen bursts. After the pressure is relieved, the eight bolts are undone and
the specimen is removed from the assembly.
Now the specimen undergoes a cleaning, as shown in Figure 17. Each specimen is
agitated by hand within a mixture of water and dish soap until the desired cleanliness is
achieved. The surfaces are rinsed in running water to remove the remaining soap. Through
experience, the cleaning process does not disturb the grid on the foil, so it is safe to use. The
specimen is cleaned of hydraulic fluid so that the scanning electron microscope (SEM) does not
become contaminated and so that the images come out clear. Figure 18 shows a comparison of a
specimen before and after cleaning. The dirty specimen’s grid cannot be seen on much of the
surface, so it is not useful for strain measurements.

Figure 17: A tested sample is cleaned with soap to remove hydraulic fluid.
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Figure 18: A burst specimen is shown dirty (left) and clean (right).

2.5 Method for strain measurement
Strain is measured by comparing an initial gauge length with a deformed length. In the
case of measuring the grids in this study, an initial diameter is compared to the major and minor
axes of an ellipse overlaid on an image of a deformed specimen. Figure 19 shows four random
circles chosen for measurements on a flat sample. Figure 20 shows a typical measurement taken
for determining gauge length. In order to achieve a baseline initial diameter, four circles for four
different flat blanks are imaged and then measured with ImageJ, which is software that has pixel
measurement capabilities. Pixels are measured to eliminate any error that may result from setting
a scale. Every SEM picture is taken at 500x magnification so that the distance per pixel remains
the same at all times. This results in a simplified manipulation of data in post processing.
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Figure 19: Four circles are chosen in a flat specimen for gauge length measurement.

Figure 20: The measurement of a circle in a flat sample for determining gauge length.
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To take an image of the foil surface, a TM-1000 scanning electron microscope (SEM)
is used. When placing a specimen into the SEM, the platform height must be adjusted to achieve
a workable focal length. The auto-focus feature in the TM-1000 program is used in every image
to confirm that the focal length remains close to the same value for each image taken. Since the
most strain takes place right at the top of a bulge test, no special platform angling technique is
necessary for imaging. The image is taken with the bulge pointing upwards.
For measurement of burst specimens, however, an effort at imaging as close to
perpendicular as possible to the zone of interest is attempted with the use of clay, as seen in
Figure 21.

Figure 21: A burst sample is aligned in the SEM to have the necking zone facing the electron
beam.
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After a test is successfully completed and the picture is taken, the four visually largest
ellipses from each picture are chosen for measurement. The largest ellipses are chosen because
the forming limit curve is meant to depict the largest possible deformation before failure occurs.
Figure 22 shows an example of the four ellipses chosen for measurement in a sample. When
measuring the ellipses of deformed specimens, the ellipse if fitted visually as close to tangent to
all sides of the deformed circle. Delamination effects often make for the need of extending
ellipses beyond what is visually on the image. But, at the same time, care is taken to not go
beyond what the actual deformed area encompasses. Figure 23 shows a typical ellipse drawn
over a deformed area.

Figure 22: The four visually largest ellipses chosen for sample 2mm_T15 are marked.
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Figure 23: Ellipses are fit so they are visually tangent to as much of the deformed area as
possible.

2.6 Strain computation
Once measurements are taken, strains are calculated in Excel. First, the engineering
strains for the major and minor axes are calculated with Equation 1.

𝜀!"# =

!!!!
!!

Equation 1

In Equation E1, l0 refers to the average initial diameter measured in the flat samples and l
refers to the axis length measured in either the major or minor direction, depending on whether
the major or minor strain is being calculated.
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The engineering strain is then used as input in Equation 2 to calculate the true major
and minor strains. True strain is what is plotted in the FLD. With the major and minor true
strains calculated, the data are ready to be plotted.

𝜀!"#$ = ln (1 + 𝜀!"# )

Equation 2

Chapter 3
EXPERIMENTAL RESULTS
3.1 Pressure history
Burst bulge tests are not useful in FLD determination of the equibiaxial region because
the pressure release immediately following material failure further deforms the specimen and is
not reflective of the actual strain at the moment of failure. For this reason, specimens used for
data collecting need to be strained as far as possible without bursting.
Three samples of both the 2mm and 5mm diameters are burst to failure to establish a
baseline burst pressure. Shown in Table 2, the 2mm die had a much larger range of bursting
pressure than the 5mm die.

Table 2: Burst Pressures
2mm Die

5mm Die

Test

Burst Pressure (psi)

Test

Burst Pressure (psi)

1

4600

1

2019

2

4431

2

1995

3

4342

3

2013

Avg.

4458

Avg.

2009

Range

258

Range

24
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To obtain non-burst specimens that were near maximum strain, a pressure
approximately 98% of the burst pressure is strived for in each test. Figure 24 shows the pressures
reached in each of the fourteen tests performed. As can be seen, the average test pressure came
out to be extremely close to 98% of the burst pressure. 4368 psi is the average pressure used in
the 2mm testing. Even with keeping the pressures in what should be the safe region, four bursts
occurred. Bursts may have occurred because of blank defects such as a slightly different
thickness or a deformation such as a scratch. Either way, the standard deviation of the tests
ended up being 20 psi.

Figure 24: 2mm bulge test pressure history
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The same process is played out for the 5 mm bulge test. Figure 25 shows the pressure
history of the 5mm bulge tests. 98% burst pressure tests of 1969 psi were attempted, but testing
pressures ended up being an average of 1944 psi in order to have a greater percentage of
successful tests. The standard deviation of the pressure is 14 psi.

Figure 25: 5mm bulge test pressure history

The 2 mm bulge tests resulted in four bursts out of fourteen tests, which is approximately
28% failure. The 5 mm bulge tests had a similar result of three bursts out of thirteen tests, which
is 23% failure. Since both test histories have close to 25% failure rates, it is likely that both tests
were performed close to the bursting points. In order to determine the forming limit curve, points
as close to the failure zone as possible are necessary, so this testing history result is very positive.
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3.2 Comparison of bulge diameters
The comparison between 2mm and 5mm bulge test FLD points, seen in Figure 26, shows
that there is not a significant difference between the two results. However, the 2 mm test does
result in slightly higher FLC safe points.

2mm vs 5mm Bulge Die FLD
0.3

True Major Strain

0.25
0.2
5mm

0.15

2mm
0.1

45 degree

0.05
0
0

0.05

0.1

0.15

0.2

0.25

0.3

True Minor Strain

Figure 26: 2mm and 5mm bulge test strains are plotted against each other.

Table 3 shows a comparison between the data collected. The average of the major and
minor strains for each point is combined for calculation purposes. Then the average of those
combined strains is used for comparison. When comparing the average, range, and standard
deviation of the strains, there is not a big difference between the results. The 2mm die did
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achieve slightly higher strain data on average, but it is not significantly different from the
5mm data. Since the 2mm bulge test uses less of the material to get the same result, the smaller
die diameter is recommended for future bulge testing of other thin foils.

Table 3: 2mm vs 5mm bulge strain averages
2mm

5mm

Average

0.1126

Average

0.0910

Range

0.1052

Range

0.1117

Standard Deviation

0.0260

Standard Deviation

0.0245

3.3 Analysis of non-equibiaxial result
Another element to note in Figure 26 is the fact that most of the bulge test data is not
equibiaxial. Possible explanations for this include: anisotropy causing different material behavior
in different directions, unequal boundary constraint around the edges, and local deformations
resulting from imperfections.
In Slota’s paper on determining flow stress by hydraulic bulge test, there is a figure
showing the difference in failure between isotropic and anisotropic sheets, which is seen in
Figure 27. Since the anisotropic bulge test is shown to fail in the rolling direction, it may be
thought that there are different major and minor strains experienced in the sheet [22].
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Figure 27: Bulge test of isotropic steel (left) compared to anisotropic steel sheet (right) [22]

Yoshida used finite element analysis to evaluate the stress-strain accuracy in hydraulic
bulge tests. In the paper, it is stated that an anisotropic sheet deviates from the equibiaxial stress
state by 1-5% [23]. This indicates that the strain would also not be equibiaxial. These references
may help to explain the significant difference in major and minor strains that came from the
experiments listed in this paper.
Figure 28 includes a linear fit line, starting at zero strain, for both the 2mm and 5mm
bulge test data. Both of the best fit lines have a major strain to minor strain ratio of
approximately 1.47, indicating a 47% difference between the principle strains. This is greater
than finite element analysis predicts in Yoshida’s paper, so there must be something besides
anisotropic effects at work.
It is believed that the combination of prevalent local deformations and choice of the
largest deformed areas for measurement caused the largely non-equibiaxial strain plotted. Taking
an average of all of the ellipses in the pole region would likely result in more equibiaxial strain
data.
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2mm vs 5mm Bulge Die FLD
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Figure 28: The bulge test strains are shown to be non-equibiaxial.

3.4 Burst data consideration
The tests that resulted in bursts were measured, as well, to rationalize the choice of using
non-burst data for results. Figure 29 shows all of the data consolidated in a single diagram. The
5mm burst data confirmed that burst data is not beneficial for finding strain points close to the
equibiaxial line. In some points, negative minor strain is even measured. However, the 2mm
burst data points come out surprisingly in line with the non-burst data. A few points did result in
negative minor strain, yes, but many did not. Altogether, though, Figure 29 shows that using the
98% burst pressure method obtains strain data equally as large but more consistent than the burst
data.
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2mm vs 5mm Bulge Die FLD
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Figure 29: Burst data for the bulge tests are plotted against non-burst data.

3.5 FLD completion
Adding onto Zhang’s FLD of CP Gr2 Ti of 38 µm thickness at quasistatic deformation
results in Figure 30. Zhang’s right-hand side equation and select experiment results are utilized
to curve fit a third order polynomial to estimate a safe FLC for the right hand side. The beige
colored squares are not used for curve fitting because either they are below the existing FLC or
contradict with Zhang’s results. An R2 value of 0.459, which includes Zhang’s right-hand curve,
indicates that the new right-hand side FLC follows a general trend but is not very strong. The
large spread of the bulge test data is what results in this low R2 value. Utilization of this
conservative FLC would likely result in safely formed parts.
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CP Ti Gr 2 38µm
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Figure 30: FLD of CP Gr 2 Ti, 38 µm, at room temperature
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Chapter 4
LS-DYNA SIMULATION
4.1 Motivations for simulation
An effort at matching experiment to simulation is taken place using material data and LSDyna software. If engineers are to use forming limit diagrams to aid them in foil deformation
designs, the actual forces and geometric constraints must result in realistic outcomes.
The FLD is what allows for the ability to determine whether or not necking occurs in a
forming operation. Keeping this in mind, there is no good way to determine the FLD of a
material using only a simulation. So material failure in a simulation is not easily predicted
without having a complete knowledge of the material model.
4.2 Methods of LS-Dyna application
The steps taken to output a close to realistic simulation are outlined here. Three different
geometries are considered. The 5mm die confidently has a corner radius of 0.25mm according to
measurements. The 2mm die has a corner radius somewhere in between 0.5mm and 0.25mm, but
measurements are not confident. Therefore, both corner radii for the 2mm die are simulated to
compare results. A visual of the die corners is seen in Figure 31.
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Figure 31: 2mm (left) and 5mm (right) die corners are pictured (not to scale).

A quarter-circle simulation is modeled in CAD because of the symmetry present in the
bulge test. A mesh size of 0.05 mm is used in order to maintain a consistency with the 50-micron
diameter circle grid that is on the actual specimen. The die is constrained rigidly in translation
and rotation. The outer edge of the foil specimen is only constrained in translation so that it can
still rotate in response to any material deformation. The two open edges of the foil, where
symmetry is assumed, are constrained so that their movement makes sense physically. Shell
elements are used for computational purposes.
The material model used for the titanium foil is “FLD transversely anisotropic.” This
material model allows for the output of FLD data from the simulation. However, a material
direction cannot be defined for the foil with this material model, so sheet anisotropy is not
simulated. Table 4 contains the material values used as inputs. The material values were
determined experimentally at NIU from the exact same foil roll that is used in the experimental
testing.

Table 4: Material values used in the simulation
Density (RO)

4.51e-6 kg/mm3

Yield Strength (SIGY)

0.362

Young’s Modulus (E)

116 GPa

ETAN

0.168

Poisson’s Ratio (PR)

0.37

R

2.2
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A linearly increasing pressure is applied to the whole underside of the foil. With the
linearly increasing pressure curve, the bulge height, pressure, and strain can be mapped. Figure
32 shows the final simulation elements and pressure direction.

Figure 32: A quarter circle specimen is used in the simulation.

4.3 Simulation result
The three geometries considered in the simulations are shown in Figure 33. The pole
element is of interest because it is where equibiaxial strain takes place. The major and minor
strains at the pole are found to be the same at every point of the pressure application, as is
expected with the planar-isotropic material model used.
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Figure 33: 2mm R0.5 (top), 2mm R0.25 (middle), and 5mm R0.25 (bottom) visualizations

A plot of major strain versus pressure is shown in Figure 34. Since the experimental
strains for the 2mm and 5mm tests were quite consistent with each other, it is expected for the
simulation strains to be around the same value, as well. As expected, the simulations follow a
very similar strain path for each case considered. The 2mm R0.5 shows larger strain than the
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2mm R0.25 simulation because of the greater area caused from the larger corner radius. The
average strains (calculated by averaging the major and minor strain for each measured ellipse)
from the experiment are shown plotted against the recorded pressure. The simulation strain is
higher than the experimental strain at a given pressure. This is likely due to the material model
being slightly off of reality.
If this material model were used in conjunction with the limiting strain of approximately
0.15 in the equibiaxial strain mode, the simulation critical pressure would be less than the actual
critical pressure. The underestimated pressure application would result in a safe design, but may
not allow the formed part to reach the desired final shape.
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Figure 34: The simulation and experimental strains are plotted against pressure.

Chapter 5
CONCLUSION
The studies of microforming techniques and of micro-scale material properties are useful
for the ongoing development of new technology in fields ranging from communication devices
to medical equipment. In this thesis, the forming limit diagram of commercially pure grade 2
titanium of 38-micron thickness is added onto with the use of a custom bulge test apparatus and
testing criteria. It is determined that the bulge diameter does not have a great effect on the
maximum strains experienced, but that the smaller bulge diameter should be used in an effort to
save material. Furthermore, LS-Dyna simulations are carried out to show that the simulation
results in safe, but not necessarily correct, material characteristics when compared to the
experimental results of the bulge test.
For future works, a DIC method of strain measurement could be explored so all tests can
be taken to failure and average pole strain values could be utilized. With the specific set-up used
in this study, the pressure application method could be automated to achieve more controllable
strain rates. The strain rate influences the formability of the foil, so an automated pressure
application method would help eliminate the human variable in that case.
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